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Abstract
In this thesis, I designed and built laser systems to cool, trap and image lithium-6 and
potassium-40 atoms. I also constructed the vacuum system for the experiment and
experimentally tested a new method to coat the chamber with a Titanium-Zirconium-
Vanadium alloy that acts as a pump. The final apparatus will use a 2D Magneto-
Optical Trap (MOT) as a source of cool potassium and a Zeeman slower as a source of
cool lithium. The atoms will then be trapped and cooled together in a double-species
3D MOT. In the 3D MOT, we will perform photoassociation spectroscopy on the
atoms to determine the Li-K molecular energies and collisional properties. Using this
information, we can transfer weakly-bound Feshbach LiK molecules into their ground
state. LiK has an electric dipole moment and will open the door to the study of novel
materials with very long-range interactions. This new material might form a crystal,
a superfluid with anisotropic order parameter or a supersolid.
Thesis Supervisor: Martin W. Zwierlein
Title: Thesis Supervisor, Department of Physics
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Chapter 1
Introduction
1.1 Motivation
The goal of this setup is to lay the experimental groundwork for making ultracold
polar molecules of 'Li and 4 0K. Recently, the first gas of ultracold dipolar molecules
in their ground state was created using 4 0 K and 87Rb[26]. The dipole-dipole interac-
tions in an ultracold dipolar gas of KRb are long-range and anisotropic, leading to
physics beyond the extremely short-range Van der Waals interaction. For this par-
ticular experiment, the dipole-dipole interaction energy is only a small perturbation
compared to the overall interactions, which are characterized by the Fermi energy of
a few hundred nanokelvin. We assume a density of p = 5 - 1011 cm-3[27] so that
the average radius between molecules is r = p 1/3 24000ao, where ao is the Bohr
radius. For KRb, the dipole moment is .5 Debye = (.5 -. 39)eao[25]. A Rydberg is
a unit of energy 1 Ry = kee 2/2ao = 13.6 eV. Therefore, the dipole-dipole energy for
KRb is,
d 2 2 )[(.5 - .39)eao] 2  (.5 -. 39)2
Edipole = ke - (1 Ry-2ao/kee (23800ao) 3 = 2 Ry. 238003 ~kB .. 9nK (1.1)
In our experiment, we hope to explore an entirely different regime of dipole-dipole
interactions. The dipole moment of LiK molecules is 3.5 Debye[24], which is 7 times
greater than that of KRb. The dipole-dipole interaction energy is proportional to the
square of the dipole moment, so it is 50 times greater that of KRb, or approximately
kB.45 nK. So in our molecular gas, electric dipole interactions will dominate and lead
to exciting new phenomena such as crystal formation, superfluidity with anisotropic
order parameter or supersolidity.
As in [26], we wish to transfer LiK molecules from loosely-bound Feshbach molecules
to their lowest electronic, vibrational, rotational and hyperfine ground state. In [26],
the authors report a procedure that is "general for bialkali polar molecules." The
procedure requires knowledge of the energy levels of the molecules. On our new ap-
paratus, we will perform photoassociation spectrocopy to characterize the LiK energy
levels and find transitions suitable for the formation of ground state molecules.
1.2 Overview of Experiment
Our experiment will have a 2D Magneto-Optical Trap (MOT) as a source of cold
4 0
'K atoms and a Zeeman slower as a source of cold 6Li atoms. The atoms will be
trapped together in a double-species 3D MOT. For photoassociation spectroscopy,
we only need to cool the atoms to MOT temperatures and we only need a vacuum
of 10- Torr. However, using our new Titanium-Zirconium-Vanadium pump coating
technique we hope to get pressures of 10-10 Torr or better that are suitable for
degenerate quantum gases. We need potassium and lithium laser systems for cooling,
trapping, controlling and imaging the atoms. To stabilize the laser frequency, we lock
master lasers to the frequency of an atomic resonance and then shift the master laser
frequency as necessary. Once we have cold lithium and potassium atoms in the MOT,
we will perform photoassociation spectroscopy. To do photoassociation spectroscopy,
we shine a laser at the atoms and sweep the frequency. At certain frequencies, the
laser will pump the atoms into different molecular states. The formation of molecules
will change the atom number in our MOT. By looking at the features of graph of
atom number vs. laser frequency, we will be able to determine the molecular energy
levels.
1.3 Thesis Overview
Chapter 2 derives the light scattering force and absorption and dispersion of a laser
beam by a cloud of atoms classically. The we discuss basic methods of cooling and
trapping neutral atoms: Zeeman slowers, optical molasses and magneto-optical traps.
Chapter 3 describes the lithium and potassium laser systems. We discuss saturated-
absorption spectroscopy that shows us atomic lines and frequency-modulation spec-
troscopy that we use to generate an error signal for locking the laser frequency. Then
we describe how we use feedback to lock the laser, double-pass acousto-optical mod-
ulators (AOMs) to get different laser frequencies. We review Fabry-Perot interferom-
eters, because we will soon build one for lithium and one for potassium to check that
we have the right frequencies. The section ends by reviewing some recent updates to
our homemade laser designs.
Chapter 4 describes our vacuum system for the 2D MOT/Zeeman slower/3D
MOT apparatus.
Chapter 5 concludes the thesis by discussing the work to be completed in the near
future and also by suggesting some improvements to our current apparatus designs.
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Chapter 2
Theory
2.1 Lorentz Model
2.1.1 Frequency Response of a Single Atom
We want to understand qualitatively what happens when an atom with a single outer
electron interacts with coherent, monochromatic light. We model the atom as an
electron on a spring with damping, in the presence of an external field E(x, t). Let
x be the position of the electron and wo be the natural frequency of the oscillator.
Then, assuming nonrelativistic speeds, the Lorentz force is F = eE and the restoring
force is F = -mwX, so[3),
+ 2-y7 + = E. (2.1)
m
The general solution to this differential equation is the sum of the solution to the
associated homogeneous differential equation, which will give us the transient behav-
ior and any particular solution, which will give us the steady state behavior. Let
E = Eoew, and let us consider the steady state behavior where the electron oscil-
lates with an amplitude xO at the same frequency w, but lagging behind the drive by
a phase shift #, so that x = oeide . Plugging this into equation (2.1) gives,
oei(-W-2 + i2yw + w2) = eEO eiwt, (2.2)
m
so,
2 1 e. (2.3)
(o - w2) + i(2yw) m
Solving for the amplitude and phase of the steady state response, we find,
eEo/m
zo = ~ /T (2.4)
V/(To - w2 )2 + (2-yw)
2
and,
# tan- 1 2w2  ). (2.5)
In figure 2-1, the amplitude and phase are plotted as a function of frequency. The
normalized amplitude xo/(eEo/mW2) is 1 for a static field EO where we simply find
the displacement eEo/mW2 by a balance of static forces. The normalized amplitude
is 0 for large frequencies because the drive oscillates too quickly for the system to
respond efficiently. There is a resonance peak w = wo, which is very high for a small
linewidth (oc '). As shown in figure 2-1 The phase # is 0 for small frequencies, -7r/2
at resonance, and -7 at large frequencies.
2.1.2 Index of Refraction of a Gas
From our analysis of the frequency response of a single atom, we can find the index
of refraction of a gas with N atoms per unit volume, all oscillating with natural
frequency wo. The electric dipole moment per unit volume is,
P = -Nex. (2.6)
Let E be the permittivity of the gas and co be the permittivity of free space. Let
Ke = C/co 1 + Xe be the relative permittivity of the gas, where Xe is the electric
susceptibility of the gas. Let n be the index of refraction, which is related to the
Amplitude
Co 
- ---- /wO =
15- 
-- /
10-P-
5-
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
w/wo
Phase
0
-0.2 -
- 0. 4 -
-0.6 -
-0.8 -
-1 -
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
W/wo
Figure 2-1: The normalized amplitude ' and phase #/7r plotted as a functioneEOnewn
of normalized frequency w/wo for different values of the normalized damping factor
'Y/wO.
....................
relative permittivity by n2 = Ke. All of the above parameters of the gas can have
both real and complex parts. As we will show, the complex parts describe losses in
an electromagnetic wave as it propagates through the medium. The electric dipole
moment per unit volume P is directly proportional to E,
P = xeE = CO(e - 1)E, (2.7)
so,
P
e =1 + E (2.8)
To find P/E, we plug our expression for x, equation (2.3) in the previous section,
into equation (2.6) and find,
P Ne2/m E. (2.9)
0w -W 2 + i2-yw J
Therefore,
2 Ne2 /mCo Ne2 /mCo [(W2 - w2) -
n 2= Ke = + =+1+(2.10)
( 2l(w W 2) + i(2. o) (wo-- 2 )2 + (27w) 2
Let n = n, - in, and k = k, - ik. They are related in the usual way,
n = n, - in = kc/w = (c/w)(kr - iki). (2.11)
To understand what a complex index of refraction and a complex wavenumber mean,
we consider what happens when the traveling wave E = Eoei(wt-kz) propagates in a
medium with the above k and n,
Eoe-(wni/c)zei(wt-wn,/c)z (2.12)
Therefore, the amplitude of the wave decays exponentially, with decay constant pro-
portional to the complex component of the index of refraction. The absorption coef-
ficient a is defined so that the light intensity (oc E2 ) drops to 1/e after it travels a
distance 1/a,
a = 2wn. (2.13)
C
To finish the story, we solve for n, and ni. For a gas, se is usually approximately 1,
so we can Taylor expand the expression for n,
1
n = Kfie = V/1 + (Ke - 1) ~+ (e1). (2.14)2
Therefore,
r + 1 Ne 2  2 2
n. 1+ -(2 0(2.15)
2 2mco (ws - W2 )2 + (2'yw) 2
=. Ne2  27o
2 2meo (W2 - w2 )2 + (2iw)2  (2.16)
In figure 2-2, we plot the real and complex components of the index of refraction,
normalized in the following way,
2meo~~ 1-()2
Ne2W r( ( )2)2 + (2 'w)2
2meo (ni) = WO W O (2.18)
Ne2w i (1 _ ( L)2)2 + (2 - )2
for different values of the normalized damping coefficient -y/w0 .
2.2 Spontaneous Light Force
The 1997 Nobel Prize in Physics was given to Steven Chu, Claude Cohen-Tannoudji
and William Phillips, "for development of methods to cool and trap atoms with laser
light." [2] When an atom absorbs a photon with energy E = hw and momentum p =
hkabs, the atom recoils. When the atom emits a photon, it recoils again hkemit. Atoms
spontaneously emit photons randomly in all directions, so the average recoil due to
the spontaneously emitted photons is zero. Therefore, assuming only spontaneous
emission of photons, the net force on the atom is just due to the photons that it
Dispersion of an Atomic Gas
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Figure 2-2: Normalized dispersion and absorption curves for an atomic gas.
80-
560-
,40-
0
S1'20
0-
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
w/wo
absorbs.
We consider a two-level atom with ground state Ig) and excited state le) in an
electromagnetic field with electric field operator,
(r t) = Eo cos(kz - wit) (2.19)
The Rabi frequency is defined to give the strength of the electric dipole coupling
between the ground and excited states in the presence of the electric field[22],
hQ -eEo(e lrg) (2.20)
We define the saturation intensity 1o as the intensity of light at which the Rabi
frequency becomes Q = F/v/2[19] so that,
I- 2Q2  (2.21)I 0  F2
The photon scattering rate looks similar to our classical Lorentzian frequency response
derived earlier and is,
IT= 1 I/I (2.22)2 1 + I/Io + (26/F)2'
where o is the detuning of the laser from the atomic resonance. The average net force
of a laser beam of photons on an atom is the average change in momentum of the
atom over time, which is given by the product of the recoil momentum hk and the
average scattering rate[19][22],
2 1 + I/Io + (26/F)2 (2.23)
The maximum possible force occurs when there is infinite laser power so that the
atoms spend half of their time in the ground state and half of their time in the
excited state,
hkl?
Fmax 2 (2.24)2
velocity
Figure 2-3: Theoretical velocity distri-
bution after atoms with an initial ve- Figure 2-4: Atom fluorescence vs.
locity distribution shown by the dashed probe laser frequency data from the
line are slowed down by a laser with first observation of the cooling of an
fixed frequency indicated by the arrow.
From William Phillips' Varenna Lec-
ture [28].
2.3 Zeeman Slower
As shown in figures 2-3 and 2-4 light of a fixed laser frequency only interacts with a
small portion of the total velocity distribution. One solution to cool down a larger
portion of the velocity distribution is chirp cooling, where the frequency of the coun-
terpropagating laser is swept using electro-optical modulators to address a wide range
of velocity classes[13]. The solution we discuss here is the Zeeman slower, where
the counterpropagating laser frequency remains fixed, but the energy spacing of the
ground and excited states of the atom, and thus the resonance frequency, is Zeeman
shifted in space. The capture velocity v, is the highest velocity atom that can be
slowed to nearly zero velocity. The particular Zeeman slower we are using for lithium
is a spin-flip Zeeman slower originally designed for sodium and described in Ananth
Chikkatur's Ph.D. thesis[11].
2.4 Choosing the Length
The atoms moving at the capture velocity v, are slowed down for the entire length of
the slower,
12
2m =mfamaxL, (2.25)
where,
hkl'
amax - m (2.26)2mn
is the maximum acceleration as in equation (2.24) and f is the fraction of the maxi-
mum acceleration we can achieve with our finite intensity laser[111]. Therefore,
ve = 2f amaxL (2.27)
Our goal in designing a Zeeman slower is to maximize the flux of cold atoms that
make it to the magneto-optical trap. The atomic beam comes out of a nozzle that
only allows a small solid angle of velocity directions through. The beam of atoms
expands ballistically in the transverse direction so that flux of atoms at te end of the
slower D decreases with the length L of the slower,
= (D . (2.28)
L2'
The speed of the atoms follows the Maxwell-Boltzmann distribution[29],
N(v) =N )2 v32 2kT 2 (2.29)
so N(v) oc v 2 for small v, and 1(v) oc v . N(v), so 'T(v < vc) = c vde = vc.
Combining the effects of transverse expansion and capture velocity we have,
V 4 (vL)4  L2
oc ocL2 (2.30)
Therefore, to the first order, the flux of atoms does not depend on the length of the
Zeeman slower! At larger velocities, the Maxwell-Boltzmann distribution rolls over
_my
2
as the e 2kT term starts to have an effect. This tells you to make the Zeeman slower
shorter because the gains from capturing more atoms no longer compete with the
transverse spreading. Another reason to keep the length short is transverse heating
due to the slower beam. The higher-velocity atoms must absorb and emit many
photons to be slowed down. The atoms absorb photons from one direction, but
spontaneously emit photons in a random direction, leading to transverse heating. At
the end of the slower, transverse velocities approach longitudinal velocities, leading
to "blowing" of the beam. However, a longer slower can act as a better differential
pump between the nozzle and the main chamber, which will give a better pressure in
the main chamber and thus a greater atom number in the final 3D MOT.
2.5 Magnetic Field Profile
Let 60 be the detuning of a laser beam from the frequency of an atomic transition for
an atom at rest with no external fields and let k be the wavenumber of the laser beam
wave. Then the, for a cycling transition between two stretched states, the detuning 6
for an atom moving at velocity v in the presence of a spatially-varying magnetic field
B(z) is[15],
6 = 6o - k - J± -B(z), (2.31)h
where MB is the Bohr magneton and the sign of the Zeeman shift depends on which
transition and therefore which polarization of light we are using. We plug in the
velocity,
v - 2f amaxz (2.32)
and set the detuning 6 to be zero so that the light is always on resonance with the
atomic beam. Now we can solve for the magnetic field,
60h hkve F 2famaxzzB(z) = i 1 - (2.33)MB MB 1 c
This particular slower was designed to have a capture velocity for sodium of 950 m/s.
The first 75 cm of the slower are designed for f = .6 and the later centimeters are
designed for f = .4.
2.6 ID Optical Molasses
The following derivation follows the one in [28] and fills in some more steps. Here we
consider an atom moving at velocity v between two counterpropagating laser beams
detuned from the atomic transition frequency by 6. An atom moving at velocity v
sees light with frequency vo in the lab frame Doppler-shifted by,
V C VAV = -Vo - c - -kv, (2.34)
c Ao c
in the frame moving with the atom. So to find the force that the atom feels, we sum
the light force for the laser beams moving to the right and left, replacing 6 in equation
(2.23) by (6 - kv). In the limit where the intensity of the beam is small I < Io,
r I/Io r I/1o
F = Fright - Fieft = hk- I 2 - k- 2. (2.35)
2 1+ [2(6-kv)] 2 i1+ [ 2(6±kv)
F vs. v is plotted for various values of the detuning 6 in figure 2-5. The force is
maximized around when 6 = F/2.
The force looks linear for small v. To show this, we expand equation (2.35),
FI F 1 11 (2.36)
F 2= hk-o + - 4 + (9) 1 - + 2 + + (2kv .2
We assumed small v so, ( ) 0. (2.37)
Now we add the two fractions,
F 1 1 + 46kv 1 1+2 46kv
F hk/- r 1+ r /
F hk1 262 4+262+ 46kv + 262 +46k 262 46kv
(2.38)
iF 86kv 1r (4
hky ~ 2 2hk2 2 2v, (2.39)
2 )- ()]
6 = .11F
-2 0
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Figure 2-5: Optical molasses force plotted for various values of the detuning 6. In-
spired by [28].
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where we again use the fact that v is small. If the laser is red-detuned, that is if
6 < 0, then the atom experiences a damping force F = -av. This means that as long
as the atoms are initially moving with a small enough velocity so that the force F(v)
is in the linear regime, the atoms are captured by the molasses, and slowed down
to the Doppler cooling limit where there is randomness in the motion caused by the
spontaneously emitted photons.
2.6.1 1D Magneto-Optical Trap
The power series expansion of the magnetic field from a current loop of radius R and
current I at distance D from the origin is, in cylindrical coordinates[23],
1 R2  3 DR 2
2 (D 2 + R 2)(3/2) ± p"2 (D 2 + R 2 )(5/2)z +... (2.40)
3 DR2
B= -I4 (D2 + R2)(5/2)p. (2.41)
If we place two loops in the anti-Helmholtz configuration as shown in figure 2-6,
then the odd terms in equations (2.40) and (2.41) sum constructively and we get,
BR2 _ + A3 DR2  + (2.42)(D2 + R 2 )(3 /2 ) + (D2 + R2 )(5 /2 ) Z
B P3 DR2  (2.43)2 '(D2+ R2)(5/2)
For 2D = R, the gradient is maximized [23],
dB dB 48
z = 2 d = pI 
. (2.44)
dz dp 25vR2(2.44)
Substituting 6 + kv + #z for 3 + kv in equation (2.35) we have,
F=F,+-F- hk 2 -hk- 2. (2.45)
21+ [2(6-kv-Oz)] 21+ [ r jvz)
And using the same procedure as for optical molasses, in the limit of small velocity
DRE:
Figure 2-6: Illustration of two current loops in the anti-Helmholtz configuration.
Image from [23].
v and Zeeman-shift #, we find that the force is approximately linear in (kv + #z),
F ~ 2hk 2 (kv+ z).
1+ ( I)
(2.46)
Let the atoms have mass M. Then,
(21) (26
F = Mz" = 2hk 0_(kz'+ z).
1+ 2(5 )2
(2.47)
For negative detuning, we see that the atoms in the trap behave like a damped
harmonic oscillator,
Z" + -7Z' + otrap = 0, (2.48)
where,
4hk2 (I) (26)
4hk ki/(26)
2 = M
Wtrap M 1I+ (26) 2
and,
(2.49)
(2.50)
F = tota/t mF = projection fB
I = totalt J = total spin
L = orbital I
Optical
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Figure 2-7: Overview of the relevant quantum numbers for our atoms.
So, both the velocity and the position of the atoms in a MOT ring down.
2.7 Our Atoms
We refer to the states of our atoms using spectroscopic notation,
N 2S+1Lj, (2.51)
where N is the often-omitted principal quantum number, S is the total spin number
and (2S+1) is the number of spin states, L refers to the principal quantum number 1 =
0,1, 2, 3,... written as S, P, D, F,... and J is the total electron angular momentum
quantum number. F = J + S is the total spin quantum number, and we label our
hyperfine states by their F values. An overview of all of these quantum numbers and
what they mean is shown in figure 2-7. The stretched states where all of the angular
momentum of the electron and the nucleus are aligned[35] and
|mF| =F=I+J=I+L+S (2.52)
We cool on a closed cycling transition between the ground and the excited stretched
state with circularly polarized -+ light These states are also nice to deal with when
we want to Zeeman shift them, because the magnetic moment is a constant function
of an external applied magnetic field B, so they are just straight lines in a Breit-Rabi
............. . .
diagram, separated in energy by pBB where pB is the Bohr magneton.
2.7.1 Lithium
We can write the hyperfine energy levels in terms of the magnetic dipole constant A
and the electric quadrupole constant B as[6],
1 3K(K + 1) - 21(1+ 1)J(J+ 1)
WF = -hAK + hB 2 (2.53)
2 2I(2I - 1)2J(2J - 1)'
where K = F(F + 1) - I(I+1) - J(J+ 1). The hyperfine splitting at the 22S 1/ 2 level
is 228 MHz and the hyperfine coupling constant A at that level is ~ 17.5 MHz.[6]
To determine where the hyperfine energies lie with respect to the 22S 11 2 level, we
compute,
1 3 1 3
KF=1/2 = 1 - 2 - -= 2 (2.54)
3 5 1 3
KF=3/2 = -1 .2 - = 1 (2.55)
Therefore 22 S 11 2 is at -152 MHz and 22S 11 2 is at 76 MHz with respect to the 22 S 1/ 2
fine splitting level. A ~ 17.5 MHz for 22 P1/2 and A ~ -1.16 MHz for 22 P3/2 [6] [20], so
we compute the hyperfine splittings 1AAK and the positions with respect to the fine
splittings similarly, double-checking with [20]. The energy level diagram for lithium
is shown in figure 2-8.
2.7.2 Potassium
The energy level diagram for potassium can be explained in a similar way and is
shown in figure 2-9. In contrast to lithium, we lock the master potassium laser to
a commercial vapor cell with mostly 39 K inside and then shift from that starting
frequency to cool and trap 40K.
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Figure 2-8: Hyperfine structure and relevant transitions for 6Li that we lock to, cool
and control.
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Figure 2-9: Hyperfine structure and relevant transitions for the 3 9K that we lock to
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Chapter 3
Lithium and Potassium Laser
Systems
3.1 Grating-Stabilized Diode Lasers
We often want to our lasers to interact resonantly with atoms, so we want to stabilize
the laser so that the variance in laser frequency is less than the linewidth F of an
atomic transition. This means that we need to stabilize the frequency to within 1
MHz on top of 500 THz! We stabilize the laser frequency by giving the laser diode
head active feedback from a variable-angle diffraction grating and also by modulating
the current. The basic setup is shown in figures 3-1 and 3-2. A laser diode head
sits inside a collimation package with a collimating lens that is adjusted to collimate
the diverging beam. The collimation package sits inside some housing which sits on
top of the cold side of a thermo-electric cooler (TEC). The other side of the TEC
is connected to a large aluminum heat sink. A diffraction grating and a mirror sit
parallel to each other on a mount that is attached to the moving side of a mirror
mount.
We change 0, the angle between the incoming laser beam and the diffraction grat-
ing normal, by applying a voltage to a piezo-electric transducer (PZT) that pushes on
the lever arm with the grating. As shown in figure 3-1, a mirror parallel to the diffrac-
tion grating on the same lever arm ensures that the angle of the outgoing beam does
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Figure 3-1: Schematic of laser. From Figure 3-2: Real laser.[16].
not vary with the PZT length[16]. We can also change the wavelength by changing
the temperature and current of the diode laser. Changing the temperature changes
the cavity length and also shifts the gain profile of the laser[14]. Changing the cur-
rent also changes the temperature and also changes the charge carrier density, which
changes the index of refraction of the semiconductor[14]. The laser frequency can
change much more quickly with the current than it can with the TEC temperature.
The diffraction grating gives two kinds of feedback, which we will call cavity
feedback and grating feedback. We align the diffraction grating in the Littrow con-
figuration so that the -1st order diffraction order travels back into the laser diode
head. Cavity feedback picks out light of wavelength A such that the round-trip path
length 2L = nA interferes constructively when it returns to the laser cavity. The free
spectral range AVFSR = c/2L is the spacing between allowed frequencies. In addition,
we have grating feedback because in the Littrow configuration, the wavelength is such
that A = 2d sin 0, where d is the spacing between the grating lines, and 0 is the angle
between the incident light and the normal to the diffraction grating as shown in figure
3-1. For both the lithium and potassium lasers, we use a Thorlabs GR13-1208 ruled
diffraction grating with 1800 lines/mm. Plugging in AU = 671 nm and AK = 767 nm
gives U 0 L 37.1 degrees and 0 K ~ 43.7 degrees.
Here we show that AA/A is inversely proportional to the number of diffraction
........... ............. _ - :1 - :::::::: : _ . m . . ___
grating lines N that are illuminated. Let d be the distance between the grating
lines, 0 be the angle between the grating normal and the line from the grating to the
observation point. The phase difference between the light from adjacent lines is,
27r
6= d sin 0. (3.1)A
From summing a geometric series of phases em6 and recognizing sin x = (eiX - e ix),
we know that N sources give the interference pattern[7],
[sin(N6/2)- 2
' sin(6/2) (3_
There is also a much broader single-slit diffraction envelope that the interference
profile falls under, but since we just want the linewidth, we can just consider N
source interference. The principal maxima occur when the denominator vanishes[7].
At the first diffraction order, 6/2 = 7r, so sin = A/d. The angles of the first
diffraction order for two different wavelengths A and A + AA are 0 ~ sin 0 = A/d and
O + AO ~ sin(O + AO) = (A + AA)/d. The angular separation between the two first
diffraction orders is AO = AA/d. By the Rayleigh criterion, the minimum separation
between the interference patterns so that they can still be resolved is when the first
minimum of one pattern overlaps with the maximum of the other. The first minimum
occurs when N6/2 = -r, so when 0 ~ sin 9 = A/Nd. Setting this equal to the angular
separation gives AA/d = A/Nd, and therefore,
AA = 1 (3.3)
A N
Assuming that the Rayleigh criterion is a good approximation to the angular spread
of first diffraction orders that travel back to the diode laser head, equation (3.3) gives
us the linewidth of the grating feedback.
Now we do some further analysis to compare the cavity and grating feedback.
Let AA and Av be the wavelength and frequency spreads under the amplitude vs.
wavelength and frequency profiles given by the cavity and grating feedback. From
A = c/v, we find that AA = -cAv/v 2 . So we find that,
AA 
- . (3.4)A (34
We know that AA/A = 1/N = Av/v. The width of the diffraction grating that will
be illuminated is approximately 2w where w is the waist of the Gaussian laser beam.
So for a 5 mm beam width and 700 nm light,
V C
Avgrating -_. 50 GHz. (3.5)N A - 1 8 0 0 1mnes .5 mm
mm
In order to avoid mode-hopping, we want AvFSR to be not more than an order of
magnitude smaller than Avgrating, where AlvFSR = c/2L, so,
c
L < 3 cm, (3.6)2 50 GHz
which is close to our current cavity length.
In addition, we want the cavity feedback and the grating feedback to move at the
same rate when we sweep the frequency so that we stay on the same mode. Here
we do the calculation for the simple case where the grating face lies along the pivot
arm, as shown in figure 3-3. The more general case is messy and gives a similar
desired pivot length. Let a be the angle between the pivot arm and the vertical, R be
the length of the pivot arm, 0 be the angle between the laser beam and the grating
normal, and L be the length of the cavity between the grating and the diode. When
we change c, we want the peak wavelength from both kinds of feedback to be the
same,
dAgrating 
_ dAcavity (3.7)
da da
Plugging in wavelengths of the light from the two kinds of feedback gives,
d (2d sin ) -= (2L(38)da da n(
Rda
cos 0
Laser
Grating
R
Kde
Pivot
Figure 3-3: Geometry of the laser beam, diffraction grating and pivot point.
dL = nd cos 9
da da (3.9)
As shown in figure 3-3 we find that dL = Rda/ cos 9, so
dL R
da cos0
(3.10)
If we sum the angles along the horizontal laser line, we find (90 - a) + 90 + 0 = 180,
so 9 = a. Plugging the derivatives into the condition (3.9) gives,
R 2Ld
Cos=ndcos= cos
We then substitute n = 2L/A and cos 9 = A/2d and solve for R,
2Ld 2 2Ld A2  LAR = cos2 6=A A 4d2 2d
700 nm
~ 1.3L.
2 - 1 mm/1800 lines
(3.11)
(3.12)
3.2 Saturated Absorption Spectroscopy
We want to lock our laser to the frequency of a single atomic transition. The atoms
in our vapor cell move with a random velocity distribution, so as we sweep the laser
frequency to do spectroscopy, the laser comes into resonance with different velocity
groups of atoms. In the absorption spectrum, each sharp Lorentzian resonance for a
stationary atom becomes Doppler-broadened into a Gaussian approximately 600 MHz
wide for our potassium vapor cell, which is large enough to obscure any hyperfine
structure. To overcome Doppler broadening, we use counterpropagating pump and
probe beams to select out particular velocity classes of atoms. Here we describe how
saturated absorption spectroscopy works for a system like Li or K with two ground
states |gi) with degeneracy 4 and |g2) with degeneracy 2 and one excited state le),
shown in figure 3-4. In this system, we start with twice as many atoms in the |gi)
state as in the |g2) state. Let the transition frequencies be wi and W2 . This is the case
for the lithium and potassium D2 lines that we will lock to, as the hyperfine levels of
the excited state are so close together that they are essentially degenerate.
Let the laser have frequency w in the lab frame. If an atom is moving with velocity
v, it sees the pump beam at frequency w+kv and the probe beam at frequency W - kv.
We can only see features when the pump changes the atom number of the velocity
class that the probe is on resonance with, which happens when both the pump and
the probe are on resonance with the same velocity group of atoms. There are two
transitions, so either the pump and probe are on resonance with the same transition
and we look at the v = 0 class of atoms, or the pump and the probe are on resonance
with different transitions and we look at the v = t(W2 - w)/k[35].
When the lasers probe the zero velocity class at frequency wi, atoms are continu-
ally excited out of the |g1) state and into the le) state where they then decay to one
of the two ground states. When they decay to 1g2) they stay there. So we are simply
optically pumping the atoms to the Ig2) state and depleting the population in the |gi)
state. Therefore, when the probe beam sees fewer atoms at |gi) than normal, so we
see a peak in the probe signal because less light will be absorbed. The same is the
case for when the lasers probe the zero velocity class at frequency W2.
When the lasers probe the ±(W2 - w)/k velocity classes at frequency (P2 - 1)/2,
the atoms see the pump at frequency wi and the probe at frequency w2 , or vice-versa
for the other sign of the velocity. In both cases, the pump beam pumps the atoms
over to the ground state that the probe is probing, and the probe will see more atoms
at that ground state than normal. Therefore, we will see a dip in the probe signal
because more light will be absorbed.
3.3 Frequency-Modulation Spectroscopy
We want to lock the laser frequency on the peak of the crossover resonance. However,
the Lorentzian-shaped peak is symmetric, so we cannot tell from the absorption signal
value whether the frequency is too high or too low. The solution is to use frequency-
modulation (FM) spectroscopy, where we modulate the frequency of the probe beam,
perform some signal processing, and get an anti-symmetric error signal that we will
be able to lock to.
3.3.1 Electro-Optical Modulators
Theory of Operation
To modulate the laser frequency, we pass the laser beam through an electro-optical
modulator (EOM), shown in figure 3-5. The EOM consists of an simple inductor made
from about 10 loops of wire and a capacitor made from two pieces of copper solder
wick on either side of a crystal. These are wired in a series LC circuit and RF power
from the EOM driver is coupled in through a BNC cable. The voltage across the
capacitor oscillates and produces an oscillating electric field inside the crystal. The
oscillating electric field makes the index of refraction of the light oscillate in time,
n = no + ni sin Wmt. When the light is polarized along the crystal's extraordinary
axis, we have the best phase modulation. (However we have still gotten 100 mV peak
to peak error signals with crystals with the wrong polarization! After this exercise
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Figure 3-4: Illustration of saturated absorption spectroscopy in a system with two
ground states and one excited state.
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Figure 3-5: Electro-optical modulator. The pink wire forms the inductor and the
crystal is under the plexiglass between the two sets of screws.
it is shockingly easy to get the error signal with the correct crystal!) Therefore, the
phase that the laser acquires by oscillating in time,
27rnL/A = 27r(no + ni sin wmt)L/A (3.13)
also oscillates in time.
Construction
In order to make really good electrical contact with the electrodes of the crystal, we
used copper braids from solder wick (Marko Cetina's awesome idea) - they are just
the right width and then are more flexible so they fill in the space better and are less
likely to break the crystal. First we put a chunk of metal down for a heat sink, then a
copper braid, then the crystal, then another copper braid. The bottom copper braid
is not necessary because the metal heat sink is already there, but it might help make
.. .......... .... ......... .... .......
Figure 3-6: Block diagram of the setup to tune the resonance of the EOM.
better electrical contact if there are dents or scratches in the heat sink. Everything
is held in place with a piece of plexiglass on top, secured to the heat sink with many
small, closely spaced 6-32 screws. Plastic screws were used to limit the force on the
crystal so it would not break, plus they would act like ten little antennas and change
things. In order to regularly space the screws for equal pressure application, a mill
with digital readout was used to do the drilling. A BNC connector that grounds right
to the box was used for a good ground connection. Then the middle pin was soldered
to a coil of wire soldered to the top copper braid. The bottom copper braid was
grounded via the box.
Tuning the LC Circuit
Our goal was to transfer energy efficiently by making a resonant LC circuit, where
L is a hand-wound coil and the C is the electrodes of the crystal and the copper
braids. We used a directional coupler to look at the reflected RF and minimize it
by changing the number of windings in the capacitor and also the frequency. The
setup to observe the resonances is shown in figure 3-6. The reflection amplitude is
minimized at the resonant frequencies. You can have the function generator sweep the
frequency and look at the reflection amplitude vs. frequency profile on the oscilloscope
to find minima. We first unplugged the EOM to look at the background profile,
which had bumps in this profile because of the different frequency responses of the
components. When we plugged in the EOM, additional dips appeared, which were
the true resonances.
3.3.2 RF Signal Manipulation
The following derivation follows Bjorklund's in [10] and fills in some more steps. When
we pass a laser beam with electric field Eoeiwot through an EOM, the output signal
is phase-modulated so it becomes[33],
E = EOei(wct+M sin(wmt)). (3.14)
Because M is small, we can Taylor expand, eiMsinlmt 1 + iM sin wmt, so
E = Eoe'ct(1 + M sin wmt). (3.15)
We can write sin wmt as (eiwmt - e-iwmt) and so we have,
E = Eo(eich + Mei(Wc+Wm)t + 2 ei(Wc Wm)t) (3.16)2 2
So we see that modulating the laser phase at frequency wm adds sidebands at w, - wm
and Lo, + wim. We write the frequencies as w = Wc + nwm where n = -- 1, 0, 1.
Then we pass the signal through a vapor cell. At each step in length, the average
number of photons that will be absorbed by the vapor is proportional to the total
number of photons. Therefore, the intensity of the electromagnetic wave decays
exponentially as a function of length. The decay constant is called the absorption
coefficient and we label it a[10]. Also let the cell have length L and index of refraction
27. a and q are functions of the laser frequency. Let 26n = aL be the total intensity
attenuation and o& = oL/2 be the total amplitude attenuation. Let <pn = qnL(wc +
nwm)/c be the optical phase shift. Then we can multiply the frequency components
of the initial field E by[10],
T= e-n -n (3.17)
to get the new electric field. So the transmitted field is,
M M
E = Eo [Toe"'t + T1 e(wcwm)t - T_ 1  ei(wc-wm)t . (3.18)2 2
On a photodiode we observe the intensity I oc jEj2 = E*E. M is small so we can
eliminate all M 2 terms,
Mewmt M Wt M i~|E 2 |1 E TO*To + TOT 1  "a - TO*T_ iem + TI*To e-Cm - T*1 2 2 2
Plugging in for 6, and #,5 and rearranging a bit gives,
E e(-26o) + e(-6 -61)+*i(0--) iwmt -6 __ 0-6-)+040-+1) M emt
2 2
+e(-61 -60)-+0-*1) M eiwmt _ _1) 0 M
2 2
We can factor out some e(-'0-61) and e(-o -6-1) terms and get,
0 2 eiWM .
(3.19)
(3.20)
E e 260 +e 60-61 M ei((*o+1)+wmt) + e-i((o-1)+wmt)
-e -o-6-1 M
d o~ *1)±wmt) + e -(+o-+ m
2
which factoring out e-2 6 o and substituting in trigonometric formulas, we can write as,
E e-2o [1 + e60- 6 1 M cos((#o - #1) + Womt) - e6 o-- 1Mcos(-(#o - #_1) + Wmt)]
(3.22)
Using the angle addition formula and regrouping we at last have the formula in
Bjorklund [10],
E e--260 [1 + [e'0-11 cos(# 1 - 0) - e6o-- cos(#o - #_1)] M cos omt
+ [ed"-6 sin(#1 - #o) - e6O- 6-1 sin(#o - #_1)] M sin wmt.]
(3.23)
If 6o - 3il,|o -i-1, 16o -il,16o - 6_1| < 1, then using the small angle approximation
we get,
c2
I(t) = ce-260 [1 + (6-1 - 6i)M cos wmt + (#1 + #_1 - 26 0)M sin wmt].87 (3.24)
The FM spectroscopy condition as stated in [10] is that wm is large compared to the
(3.21)
linewidth of the spectral feature so that when we sweep the laser frequency W only
one sideband, say the upper sideband, probes the feature. Therefore, a and r/ for
the carrier and the lower sideband are constant.[10] In this case, 6 _1 and 60 remain
constant at the background absorption loss. S and #_1 and 0 remain constant at
the background phase shift #. We note that the atoms do not give a background
absorption loss or phase shift (and such a concept is totally wrong and nonsense), so
these background numbers refer to the effects from the air, the glass in the cell, etc.
Let A6 = 61 - S and A# = #1 - #-. Then,
cE 2
I(t) 0 [1 - A6Mcos wmt + A#M sin wmt]. (3.25)
87
If we mix the photodiode signal 1(t) with a signal oscillating at the modulation
frequency A cos(wm + b), we get a signal proportional to
A6 cos b + 6# sin b. (3.26)
So we can choose to look at either the absorption 6 as a function of the laser frequency
wc or we can look at the dispersion # as a function of the frequency, depending on
the phase between the photodiode signal and the signal we beat it with.
3.3.3 EOM Driver
The block diagram for the EOM driver is shown in figure 3-7. The EOM drive
signal begins at the voltage-controlled oscillator (VCO). The potassium EOM has a
resonance frequency of ? 38 MHz and the lithium EOM has a resonance frequency
of ~ 29 MHz. The signal then passes through a splitter and half of it goes to the
voltage-controlled attenuator. The control voltage comes from a resistor divider made
with a potentiometer so that by turning a knob, you can tune the power. (In this
situation we usually want as much RF power as possible, but with great power comes
great noise so sometimes we want to turn it down slightly.) The signal then passes
into the high-power amplifier and then it goes to drive the EOM.
Figure 3-7: Electro-optical modulator driver block diagram, with Minicircuits part
numbers and voltage specifications.
The other part of the VCO signal is mixed with the amplified saturated absorp-
tion spectroscopy signal from the photodiode. From equation (3.26) in the previous
section, we know that we can vary the quadrature (absorption or dispersion) of the
photodiode signal by varying the phase of the VCO signal. We can vary the relative
phase by changing cable lengths or by changing the frequency, which will change how
many oscillations happen within a fixed cable length.
3.4 Locking the laser
Given the antisymmetric error signal given by the dispersive quadrature of the FM
spectroscopy signal, we want to apply proportional and integral feedback to the laser
so that it will work to stay at the zero error point. To do this, we use the lockbox
shown in figures 3-13 and 3-14. The proportional gain goes to the current modulation
input on the current controller. The integral gain goes to the PZT on the laser. You
Figure 3-9: Voltage regula-
Figure 3-8: Front of the EOM driver box. tors and heat sinks.
Figure 3-10: Inside the EOM driver box. There is a 24V power supply and voltage
regulators to supply 5, 12 and 15 volts.
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watch the error on the error monitor output and tune the offset knob so that the zero
of the error signal is exactly at the peak of the crossover resonance.
The latest (as of 5/18/2010) version of the circuit and corresponding PCB that
control the lockbox are shown in figures 3-11 and 3-12.
The error signal from the EOM driver "mixer out" port is fed into the "error signal
in," and then passes through the LF347N which is a buffer. We can modulate the
error signal in through "ERROR MOD" which passes through the INA114P which
is a high-impedance buffer used for isolation. The ERROR MOD port is useful for
testing the feedback loop because it lets us put in whatever frequency noise we want
to we can test for terrible resonances in our circuit. We can also set the error signal
offset with the ERR OFFSET potentiometer. The original error signal, the offset,
and the modulation signal are summed at the second LF347N op-amp which is set up
as an adder. The result of the sum is the error signal that we lock to. The error signal
is passed through another LF347N buffer and then goes out where we can monitor it
on a scope. The error signal is also passed to the proportional and integral feedback
parts of the circuit.
When the lockbox is in scan mode, SWITCH1, SWITCH2 and SWITCH3 are
closed. When SWITCH1 is closed, the output of the integral gain op-amp IC3A is
ground. Then an external sawtooth wave is passed through a voltage divider made
with a potentiometer for variable amplitude and then to the RAMP input. When
SWITCH2 is closed, this signal reaches IC3B, which acts as an adder, adding the ramp
signal, an offset signal from OUT OFFSET and the ground signal from IC3A. This
is then the INT OUTPUT signal which goes to the PZT to scan the laser frequency.
When the lockbox is in lock mode, SWITCH1, SWITCH2 and SWITCH3 are
open. In this case, IC3C is set up as an inverting amplifier with gain R,pot/R14,
where Rp,pot is set by the potentiometer attached to the PROP GAIN connector. The
signal then passes through IC3D which implements a sign change on the proportional
output by flipping SIGN CHANGE. IC3A is set up as an inverting integrator with[18],
Vout = - ft dt + Viniti. (3.27)
S (R1,pot + R4)C
A _&
tior.
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Figure 3-11: Updated schematic of the PI lockbox for diode laser frequency stabiliza-
tion.
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Figure 3-12: Updated PCB of the PI lockbox for diode laser frequency stabilization.
54
1-1 - - --- - - - -
Figure 3-13: Front of the lockbox. Figure 3-14: Inside the lockbox.
We include a small power ±15V
power supply inside the box.
where R 1,pot is set by the potentiometer attached to the INT GAIN connector. Note
that Rp,pot is in the numerator, while R1,pot is in the denominator, so to make both
potentiometers increase the gain when you turn them clockwise, you need to hook
them up in opposite ways.
3.5 Shifting the Frequency
3.5.1 Double Pass AOMs
We usually lock our lasers to the D2 crossover resonance for the most abundant isotope
in our cell, which is 39K in the Thorlabs potassium cell and 6Li in our homebuilt
cell made with enriched lithium. We use acousto-optical modulators (AOMs) in the
double pass configuration to obtain all of the laser frequencies we want. The AOMs
are composed of a crystal attached to a transducer. We couple in RF power to that
makes the transducer oscillate, exciting sound waves (phonons) inside the crystal. We
can describe how the AOM modifies light by photon-phonon scattering. [12] [35] Let w
and Q be the angular frequencies of the phonon and photon, respectively. Let k and
K be the wavenumbers of the phonon and photon, respectively. As in [12], let the
subscripts il and dl denote the first incident and deflected beams and let i2 and d2
.. ... ... . . ............................. I   ...  ....
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Figure 3-15: Diagram of an incident laser beam being frequency-shifted and deflected
by an acousto-optical modulator. Image from [12].
denote the second incident and deflected beams. Then,
Wdl = Wn ± Q (3.28)
kd2= kil ± K. (3.29)
If we reflect the deflected beam and put it back through the AOM along the unde-
flected beam path, W 2 = wi and ki2 = -kdl. The photons that absorb a phonon are
again deflected and we find,
Wd 2 =Wi 2 ±Q(Wl z±Q)±Q wil z±2Q (3.30)
Wd 2 k 2 + K (kil T-K) ± K kil. (3.31)
So the angle of deflection is independent of the RF frequency Q.
3.5.2 AOM Driver
The block diagram for the AOM driver is shown in figure 3-16. On/off, frequency
and power of the drive signal are set up so that they can be controlled internally
or externally. The external controls are BNC cables on the outside of the box and
the internal controls are an on/off switch and voltage dividers with potentiometers
for the power and frequency. The drive signal begins at the VCO, then it goes to
a voltage-controlled attenuator, then it goes to a switch where we control whether
or not it comes out. The potassium AOM drivers I built use ZMSW-1211 switches,
which are good because they are cheap, but bad because they allow some RF to leak
through and also require conjugate control signals, hence the inverter. In the future,
I recommend using ZASWA-2-50DR+ which is TTL driven and has better isolation.
After the switch, the signal goes into the 2 watt amplifier and then to the AOM.
Some advice I have is to put 4 or more AOM drivers in a single box, as shown in
figures 3-17 and 3-18. Put a 24 V power supply that can power your amps (they need
at least 1 amp each) inside the box so that the box can plug directly into the wall.
For the other 5, 12 and 15 volt supplies that are required, particularly the ones that
supply a control voltage to the VCOs, we should use a large external power supply for
the entire lab. That way, if the voltages vary over time, they will vary identically for
all the boxes in the lab. Put the amplifier heat sinks in the box so they don't radiate
around the whole room. Also, test your power supply outputs before hooking them
up to components. The PowerOne power supplies have a circular metal component
that pokes through the back and you should electrical tape over them so they do not
short to ground via the metal box. Put at least one or two fans in the box. Make
sure air blows over your amp heat sinks, power supplies and voltage regulator heat
sinks.
3.6 Lithium System and Data
The schematic of the lithium laser system is shown in figure 3-19. The master laser is
placed far away from the hot vapor cell. Light from the master laser passes through
a 60 dB optical isolator. The light is initially vertically polarized. We use a 1/2
waveplate and a polarizing beam splitter, which lets horiziontally polarized light
through and reflects vertically polarized light, to control how much light goes to
spectroscopy for locking and how much goes to seed the tapered amplifiers (TAs).
When doing saturated absorption spectroscopy, rather than using a beamsplitter to
make the pump and probe beams, we retroreflect the pump beam to get the probe
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Figure 3-17: Front of the potassium AOM driver box, capable of driving 4 AOMs.
Figure 3-18: Inside of the potassium AOM driver box.
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Figure 3-19: Lithium laser system.
beam so that we need to use less power for locking. For FM spectroscopy, we modulate
the probe beam and observe the probe beam using a photodiode fast enough to see
the ~ t 30 MHz modulations. The lithium vapor cell is shown in figure 3-20. We
control how much lithium is in vapor form by controlling the temperature of the cell
usmng a variac and a heating band wrapped around the middle of the cell where the
solid lithium is. We want enough vapor so that we have a strong absorption signal,
but not so much that the probe beam is completely absorbed at some frequencies
and the tip of the Doppler-broadened spectrum gets clipped off and the spectra start
to saturate. We found that the best temperature for this particular cell is around
340"C. The length of the lithium cell is chosen so few lithium vapor atoms reach the
viewports, so the viewports are coated very slowly in time. Also to prevent coating
of the viewports, we put argon buffer gas in the cell to reduce the mean free path of
the lithium atoms. The lithium D2 line and corresponding error signal are shown in
Figure 3-20: Lithium cell.
figure 3-21.
3.7 Potassium System and Data
The potassium laser system is shown in figure 3-22. As in the lithium laser system,
the master laser is placed far away from the warm vapor cell. Most of the light goes to
seed the TAs and the rest is used for spectroscopy to lock the laser. The photodiode
chip and the EOM aperture are both much smaller than the original beam size, so we
used two lenses in a telescope configuration to reduce the beam size for spectroscopy.
We do not also reduce the seed light beam size because if we want to seed a slave laser
by injection locking, it is important that the input and output beams are similar in
size for better mode-matching. We did not use the trick of retroreflecting the beam for
saturated-absorption spectroscopy, but that would be a good power-saving potential
upgrade. The potassium cell is shown in figures 3-23 and 3-24. We used a Thorlabs
glass cell and made a homemade heating enclosure for it. The atoms will stick on
the coldest part of the cell, so it is key that our enclosure keeps the ends of the cell
as hot as the length of the cell. Our solution was to heat the cell rather indirectly.
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Figure 3-22: Potassium laser system.
Figure 3-23: The potassium cell, Figure 3-24: The cell is then
wrapped in tin foil, inside a metal wrapped in tin foil once more and
tube, wrapped with a heating placed inside the insulating PVC
band. Windows are glued on two tube which is also attached to
metal caps on the ends. Thorlabs mounts.
First we wrapped the cell in tinfoil, put it in a metal tube, and secured it with plastic
screws. Plastic screws are the best choice. They will not melt at these temperatures
and they self-limit the amount of force that we apply to the cell. Metal screws are
a bad idea, because it is easy to tighten them with a screwdriver until the glass cell
breaks. (I did that.) We also put windows on the ends to keep the air around the ends
of the cell hot. In previous attempts at a heater design, the windows were epoxied
directly to the metal tube. However, it is likely that you will need to disassemble
the enclosure multiple times, so in this design, we made two end caps by cutting and
bending sheet metal and then we glued the windows to the caps. The caps are easy to
remove. Then we wrapped the metal tube with a heating band, wrapped the whole
enclosure in aluminum foil, and then put that in a PVC tube and secured it with
plastic screws. Other designs used a metal outer enclosure, but I thought that plastic
would give better insulation from the outside. Two Thorlabs posts are screwed into
the bottom of the plastic enclosure. The potassium D1 line is shown in figure 3-25.
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Figure 3-25: Potassium D1 line. 1 is the 22 S 11 2, F = 2 -+ 22 Pi/2 transition, 2 is the
crossover resonance and 3 is the 22S 11 2, F = 1 -+ 22P1/2 transition. The hyperfine
structure in the 22P1 /2 level is visible in each of the peaks. The middle, highest peak
is the crossover, the smaller peak is the one that goes to the 22P1/2, F = 1 state, and
the higher peak is the one that goes to the 22Pi/2, F = 2 state.
We played with the laser power and the balance between the pump and probe beams
(to, for example, reduce power broadening) in order to resolve the hyperfine energy
splittings. The potassium D2 line and error signal are shown in figure 3-26.
3.8 Fabry-Perot Interferometer
3.8.1 Parallel Plane Mirror Cavity
A Fabry-Perot Interferometer consists of two parallel mirrors with high reflectivity
and some small transmissivity. As shown in figure 3-27, the signal on the photodiode
detector results from the laser beam entering the cavity and reflecting off the mirrors
2n times.The light interferes constructively when the round-trip path is an integer
number of wavelengths 2L = nA, or v = nc/2L. The free spectral range is the
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Figure 3-26: Potassium D2 line and error signal. 1 is the
transition, 2 is the crossover resonance and 3 is the 22S1 / 2, F
22S1/2, F = 2 -+ 22P3/2
= 1 -+ 221P3/2 transition.
0.0505
(I)3 -0.02
9-0.04
-0.06
-0.08
0.0505
Photodiode
Detector Mirror Mirror
Figure 3-27: Illustration of light reflecting in a Fabry-Perot cavity.
wavelength separation between adjacent frequencies,
AvFSR = 2L2L (3.32)
Let t be the amplitude reflection, r be the amplitude transmission, T = t 2 be the
power reflection and R = r2 be the power transmission. Conservation of energy
tells us that R + T = 1.[21] The round trip phase acquired by light of wavelength A
traveling between two mirrors with spacing L is,
2L 2Lu
A (27r) = (3.33)
The total transmitted amplitude is the sum of the power of the light that is reflected
0,2,4, ... , 2n, ... times,
00
AT= Aot 2 E(1
n=1
+ r2nein24) = Aot21 - r 2ei24
and the transmitted intensity observed on the photodiode is,
(1 (1 - R) 2  Io(1 - R) 2 2 27rvld(1 - R)2 + 4R sin2 # (1 - R)2 + 4R sin2 2,vi
By setting IT(#) = 1Io
1 2
2
(3.34)
(3.35)
..........
The finesse F of the cavity is definited to be the ratio of the free spectral range
and the full-width at half maximum of the peak.[1]
C
F_ AVFSR (3.36)
AVFWHM 1
3.8.2 Spherical-Mirror Mode-Degenerate Cavity
Mode-degenerate interferometers are advantageous for several reasons. They do not
need to be mode-matched to the laser beam.[30] Interferometers which require mode-
matching have extra transmission fringes due to the excitation of higher-order modes
when they are not mode-matched properly. Because they do not need to be mode-
matched, the interferometer does not need to be aligned on the axis of the interfer-
ometer. It is even a good idea to align the laser beam slightly off-axis so that the
light from the interferometer does not travel back into the laser.[30]
A Fabry-Perot cavity with spherical mirrors of radius of curvature a supports
Laguerre-Gaussian modes. The frequencies supported by the cavity are given by[30],
cF 1 ( L1
L [ )q+ -(1+ m + n) cos 1  -- , (3.37)2L _ 7a
where m and n give the longitudinal mode orders and q gives the transverse mode
order. If
(L\7
cos- 1 - -- =L - (3.38)
a q
where 1 is an integer, the frequency dependence due to the transverse and longitudinal
modes can be essentially combined and we have results very similar to the plane
parallel mirror case. The peak frequencies are,
V= 2Ld (n+(l+m+1)-) = 2qL (qn+(l+m+1)). (3.39)
By Bezout's lemma[4][31] 1 and q have greatest common divisor 1, so there exists n
and (I + m + 1) such that qn + (I + m + 1) = 1. Therefore, the free spectral range of
Input --
Figure 3-28: Classical optical path of a laser beam in a confocal Fabry-Perot cavity.
Image from [1].
a cavity with degeneracy q is,
c
6 VFSR,q = 2qL (3.40)
The intensity profile is,
Io(1 -R)
1 - R)2 4Rsn 2 2qL (3.41)(1 - R)2 + 4R sin2 2C
the full width at half maximum is,
c(1 -R)
1 FWHM L - (3.42)
27rL
and the finesse is,
F =q(1 )(3.43)
q(1 - R)
In a confocal Fabry-Perot cavity, shown in figure 3-28, the focal points of the two
spherical mirrors are at the same point. The focal length of a spherical mirror of
radius of curvature a is a/2, so the cavity length L = a. Here, L/a = 1, so the
degeneracy is,
q = 1 - F/2= 2. (3.44)
Therefore the free spectral range is,
c
AVFSR,confocal = . (3.45)
We could have expected this free spectral range intuitively because as shown in figure
3-28, the distance that a light beam travels before it overlaps with itself is 4L, so the
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Figure 3-29: Transmission vs. wavelength data for the CVI Melles-Griot TLM1-700-0
tunable laser line mirror. The ~ 1% transmission at both 671 nm and 767 nm makes
this a good mirror for potassium and lithium Fabry-Perot cavities.
effective optical path length is 4L. In addition, the intensity profile is,
Io(1 - R)2
(1 - R) 2 + 4R sin2 4C'L_ -
the full width at half maximum is,
AVFWHM - c(1 - R) AVFSR (347)27rL F
and the finesse is,
F = * .(3.48)2(1 - R)
3.8.3 PZT Driver
We use a homemade high-voltage amplifier to provide enough voltage on the PZT
to sweep the cavity length. The schematic for the amplifier is shown in figure 3-30
and was provided to us by the Vuletic group. The input signal first travels through
ICI (INA114P), a high input impedance buffer that eliminates ground loops. The
To 8N(6 npt
Output +
Output GND
1P I TTO 5K Pbt
To 20KPOT
Figure 3-30: Schematic of the high-voltage amplifier that drives the PZT.
signal then passes through a two-stage amplifier, composed of TI (2N3904) and the
high-voltage U$1 (TIP50). The amplifier is controlled by feedback from the op-amp
IC2, which can also add an offset through the inverting input. In the final stage, the
signal passes between two transistors U$2 (TIP50) and Q1 (TIP42C) in a push-pull
configuration. A PNP transistor can only source current and a NPN transistor can
only sink current. So when we want to drive both positive and negative current loads,
we use the two together. Also the two diodes D1 (N4004) and D2 (N4004) help to
eliminate crossover distortion[18] caused by the ~~ .6V forward voltage drop from the
emitter to the base on a PNP transistor and from the base to the emitter on an
NPN transistor. The diodes give the PNP base a signal that is ~ .6V lower and give
the NPN base a signal that is ~ .6V higher than the original. On the power rails,
different capacitors run between V+, V- and ground to filter out high-frequency noise.
The gain, amplitude and offset of the signal are all controlled by connectors that run
to potentiometers.
... .......
Figure 3-32: Populated PCB. The
Figure 3-31: PCB design for the high- parts follow the silkscreen except the
voltage amplifier that drives the PZT. TIP42c is reversed.
Figure 3-33: Inside the PZT driver box.
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Figure 3-35: Lens tube housing, milled Figure 3-36: Complete assembled slave
to cover the TEC. laser.
3.9 New Homemade Slave Laser
The design for a homemade slave laser housing is shown in figures 3-35 and 3-36. The
lens tube housing shown in figure 3-35 was designed to have the minimum possible
thermal mass and also do cover the whole TEC for efficient heat transfer. The diode
and the TEC attach to the same PCB used for the master lasers and can connect to
commercial or homemade temperature and current controllers.
3.10 Laser Design Evolution
The two newest lasers are shown in figures 3-37 and 3-38. We used a new, sturdier
aluminum box. We put the laser on the box lid and used the rest of the box as
the laser cover. This is nice because it allows access all around the laser mount. In
the previous design, you had to really pull on the cover to get it off, which could
sometimes misalign the laser. In this design, you can simply lift the top off. In
general, you should never have wires or connectors going through the part of the box
that you remove. Therefore, inspired by Shin Inouye's lasers, we ran the serial cable
and BNC connectors through the bottom of the box. This worked out well for the
lithium laser, as we mounted it on the usual rubber posts as shown in figure 3-37.
However, for the higher power sodium laser, we wanted very good heat sinking, so we
milled slots in the side of the aluminum block and mounted the block directly to the
. ........................  
. .. .... .. ......... . ....
Figure 3-37: Lithium laser. The two serial cables and the BNC cable to drive the
PZT all to through the bottom of the box.
optical table as shown in 3-38. Then there was not enough space for a regular serial
cable. But we made our own cable that did fit by cutting off the end of a serial cable,
soldering the wires to a serial connector and wrapping everything in tin foil. In the
future, we should switch to having two right-angle DB-9 serial cable connectors on
the PCB.
Figure 3-38: 1178 nm diode laser housing for sodium. We put the aluminum block
directly on the optical table for better heat sinking.
......... ..... ............ ... ...... ........ .. . . .... .  ..... ......... ...
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Chapter 4
Vacuum System
4.1 Design and Setup
Figure 4-1 shows the entire vacuum system. Lithium from the oven will travel through
a nozzle and a differential pumping tube, down the Zeeman slower and to the science
chamber where it will be trapped in a 3D MOT. Our enriched potassium-40 sample
will be warmed slightly and enter the glass cell where the 2D MOT will be.
4.1.1 Glass Cell
The design for the glass cell is shown in figure 4-2 and pictures of the real glass cell
are shown in figures 4-3, 4-4 and 4-5. We load our transversely-cooled potassium into
the 3D MOT by using a push beam, which is a set of counterpropagating lasers that
are detuned from each other in the lab frame, but look like optical molasses in a frame
that moves at some velocity v. The copper mirror is to reflect the push beam into the
hole that the atomic beam will pass through. We use the glass cell because enriched
potassium-40 is very expensive so we would like to recover any of it that sticks to
our chamber. Similarly, we use the large copper mirror to block any potassium that
does not make it through the hole in the center, so we can simply heat the copper to
recover the potassium.
Figure 4-1: The entire vacuum system, which we disassembled, cleaned, reassembled
and supported with 80-20.
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Figure 4-2: Glass cell design with 2D MOT. Figure modified by Ibon Santiago from
[32].
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Figure 4-5: Bottom view, with a good view of the
mirror-polished copper to reflect the push beam and the
hole that the atoms travel through.
Figure 4-3: Side view.
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4.1.2 Polishing to a Mirror Finish
First we used the finest sandpaper in the Edgerton shop to get rid of tool marks
and make the surface flat. Then, we used the South Bay Technology 920 Lapping
and Polishing Machine at the Crystal Growth Shared Experimental Facility in the
Center for Materials Science and Engineering on the 3rd floor of building 13. The
lapping paper has an adhesive backing and you take it off and stick it to the wheel
of the polishing machine. The wheel spins and you let water slowly drip over the
paper for lubrication. We used a series of ever-finer lapping paper: 20, 12, 9, and
3 microns. Each time we went to finer lapping paper, the mirror surface looked less
cloudy and the scratches looked finer. However, when we went below 3 microns, to 1,
.3 or .1 microns, the scratches looked much worse. After many attempts and talking
to the research scientists there, we decided that because the finer paper is thinner,
the surface is more susceptible to being scratched by imperfections on the wheel. So
after 3 microns, we switched to using polishing cloth, which was thicker than the
lapping paper and .1 micron polishing powder. We mixed the polishing powder with
the dripping water and held the surface on the cloth as the wheel spun. The results
were quite good: by eye, an incident and reflected laser beam looked the same. We
measured the reflectivity of the copper mirror after it was in the glass cell. The laser
input was 16 mW and the output was 12 mW.
nglass a 1.5 and nair 1.0. The amount of light transmitted and reflected when
moving between media of different refractive indices is given by the Frensel equations.
When the light is incident to the plane of the interface, the equations are easy,
R ni - n2 (1.5 - 1.0) 2 %(41
/n + n2 1 1.0
Therefore the reflectivity of our copper mirror is,
12 1 4
~ 88%. (4.2)16 (.96)
4.1.3 Cleaning for Ultra-High Vacuum
We used the following order to clean our parts for UHV:
1. Warm deionized water and detergent, 30 minutes
2. Cold deionized water, 30 minutes
3. Cold acetone, 30 minutes
4. Cold methanol, 30 minutes
Acetone is good at dissolving heavy organic materials [17], but it leaves a residue.
Methanol can remove the acetone residue and does not leave its own residue.
4.1.4 Atomic Beam Shutter
The atomic beam shutter is a flag on a post, screwed into a blank, which is attached
to a flexible bellow and then an actuator. By moving the actuator back and forth we
control whether the flag is blocking the atomic beam or not. The parts of an atomic
beam shutter and relevant dimensions are shown in figures 4-6, 4-7, 4-8, and 4-9. We
want to drill and tap in the stainless steel blank without destroying the integrity of
the vacuum. Instead of drilling and tapping for 1/4-20 (which was the outer diameter
of the original rod), we drilled 1/4" deep for 8-32. Then we turned down the end
of the rod to .1640" major diameter for 8-32 threads and threaded it using a die.
Because the die is tapered, we had to cut thread reliefs at the top down to the .1248"
minor diameter for 8-32 threads. In addition, any screws in a vacuum system can
cause virtual leaks - pockets of air that slowly leak into the chamber and take a long
time to be pumped out. To eliminate virtual leaks, we mounted a slit saw on a mill
and cut a small slit to allow pockets of air to escape.
4.2 Titanium-Zirconium-Vanadium Coating
I have not failed. I've just found 10,000 ways that won't work.
-Thomas Edison
Figure 4-7: Shutter length dimensions.
Figure 4-6: Atomic beam
shutter with the rod
screwed into a 1/4" deep
8-32 tapped hole in a 2}"
blank.
Figure 4-9: The end was
turned down to .1640"
major diameter for 8-32
threads, .1248" minor di-Figure 4-8: Shutter flag aee hedrle adimenions.ameter thread relief was
cut at the top of the
threads, and a slit was
cut to eliminate virtual
leaks.
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Figure 4-10: The original Ti-Zr-V feedthrough, with the filaments wrapped around
ceramic rods and attached to the power line at the base and ground at the top.
I wrote this section with the help of Ibon Santiago, one of my partners in the coat-
ing endeavor. One of the technical challenges in cold atoms experiments consists in
obtaining good vacuum. Normally a MOT requires at least 10-6 Torr, however, fur-
ther cooling or quantum degenerate regimes cannot be obtained without UHV (10-
to10- Torr). Non-evaporative getter coating of a vacuum chamber allows pumping
once the chamber is closed and baked at a certain temperature. An alloy of Ti-Zr-
V at a particular ratio and thickness provides a reactivation temperature as low as
200"C[8]. When the alloy reactivates, it expels all of the particles it has "gotten", we
pump them out, and it is then ready to be a getter again. We are currently studying
how to deposit each element at a controlled rate.
Our coating method is to perform thermal evaporation of filaments of each ele-
ment. If the filaments are fired simultaneously, an alloy will form on the walls of
the vacuum chamber. The filaments are held by copper lugs attached to an electric
feedthrough that goes into the vacuum. Electrical contacts are made in an aluminum
block, as shown in our original scheme in figure 4-10. Particles are expected to stick
to the stainless steel wall immediately after evaporation. The motion is ballistic if
the mean free path is larger than the size of the chamber. At a pressure of 10-6 Torr
we calculated that a particle would have to travel about 165 feet to collide with other
particles. To obtain this pressure we pump down the chamber with a roughing pump
and then a turbo pump. Once the chamber is in the desired pressure, evaporation
occurs at a controlled current.
........... . .. ..
Figure 4-12: The sensor shown from the
other side, with water cooling attach-
ments.
Figure 4-11: The oscillating crystal
sensor that we use to measure the de-
posited film thickness.
A quartz crystal oscillator, shown in figures 4-11 and 4-12, attached to a water-
cooled sensor has been placed inside the chamber. Changes in oscillation frequency of
the oscillator can be directly related to the mass deposition rate. This method allows
direct control on the desired deposition rate depending on the selected current in the
power supply.
Filaments tend to break if too much current is run through them for a long time.
Sagging of filaments and melting have been constant problems that have been over-
come by selecting thicker wires and by looping the filament around a ceramic rod.
Zirconium presents a special difficulty due to its different vapor pressure and thermal
properties as compared to Ti and V. Its melting temperature 1855"C is very close
to the temperature at which reasonable sublimation occurs (1700'C). This is why
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Figure 4-13: Deposition rate vs. current for titanium and vanadium.
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Figure 4-14: Break in the Zr filament.
evaporation often terminates abruptly when the filament melts and breaks. When we
tried to run current through a 1 mm diameter piece, it consistently broke, as shown
in figure 4-14. In addition to our traditional 1 mm pieces, we tried a thicker 2 mm
piece and also tried heating Zr via a tungsten filament. We put the feedthrough in
with 3 different Zr coating methods to see which was the best, as shown in figure4-15.
P = I 2R where P is the power being dissipated in the filament, I is the current going
through filament , and R is the resistance of the filament. The resistance R oc 1/o
where o oc 1/d 2 is the cross-sectional area and d is the diameter. So when we double
d we need to also double I to dissipate the same power in the filament. The larger
filament also has more thermal mass, but on the other hand, it has a smaller surface
area to volume ratio, so it radiates less of its total thermal energy. When we sup-
ported it with ceramic, it did not break. Figure 4-16 shows some Zr actively being
fired at 115 amps, which was about the limit of the power supply. Even at currents
that high, we did not observe significant deposition.
Further complicating the Zr issues, at first we measured the mass using a gold-
plated crystal, which was not the correct crystal plating for zirconium. When we
fire Zr on gold, something called high-stress metallizing can occur. According to
[34], thin films of Zr, Ti and other metals can develop high stresses when deposited.
At thicknesses higher than 1000 A, the films can crack or flake and even crack the
Figure 4-15: Feedthrough with three different attempts to sublimate Zr From left to
right: Heating by running current through a 1 mm diameter rod, heating by running
current through a 2 mm diameter rod, and heating wrapping a 1 mm diameter rod
around a tungsten filament and running current through tungsten.
Figure 4-16: The 2 mm diameter rod with 115 amps running through it. The whole
feedthrough becomes so hot that the 1 mm diameter rod starts to glow too.
........... - ......... .... . . .
Figure 4-17: The coated microscope slide we used when we were not sure if the sensor
was working properly. In this picture, theslide is sitting on a piece of white paper,
so we can see it is very well coated.
substrate they are coated onto. These stresses are transmitted to the crystal itself and
causes the sensor to show either sudden rate jumps or rapidly occurring positive and
negative rate spikes[34]. The manufacturer recommends using a silver-coated crystal
instead of the gold one we were using[34]. We consistently measured zero deposition
rates for many trials, and we put a glass slide in the chamber to see if maybe coating
was happening but the sensor had a problem. As shown in figure 4-17, the slide came
out very well coated, so we knew there was a problem with the sensor. Then we
ordered some silver-coated crystals and saw positive deposition rates.
Once we figured out what was wrong with the crystal, we found that the technique
with the tungsten as an external heating source (or crucible), worked quite well. We
selected Tungsten because of its high melting temperature (30000C) and negligible
vapor pressure. By looping zirconium around a tungsten filament, successful depo-
sition of zirconium has been achieved, as shown in figure 4-18. Due to its known
properties as a getter, while evaporating a difference in two orders of magnitude has
been observed in the pressure reading of the chamber (from 10' Torr down to 10-7
Torr).
We used the filament heating source method outlined in [9]. Using a different
heating source other than the zirconium itself is a good idea, because we might
have to melt some of the zirconium in order to get reasonable evaporation rates.
A commercially-available helical filament source like tungsten made with multistrand
wire for larger surface area is commonly used. [9] The goal here is to actually melt all of
the evaporant, coat the source, bring the temperature back down, and then evaporate
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Zr Deposition Using a Tungsten Crucible
U)
C,)
C,)
E
0
4-'
C,)
U)
4-'
0
4-'
C,)
0
U)
0
U)
L.
U)
1200 1300 1400 1500 1600 1700 1800 1900
Time [s]
2000
Figure 4-18: The final setup where we did get a positive deposition rate of zirconium.
The large spikes indicate different parts of the zirconium melting and making contact
with the tungsten.
at a controlled rate. Vapor emission from a helical source is multidirectional, so this
is better than some other methods like using a boat.
Figure 4-18 shows our current results for evaporation of zirconium off of a tungsten
filament. We have achieved positive deposition rates, which is good progress, but we
have not managed to evaporate at a controlled rate yet. The large spikes happen
when different parts of the zirconium melt and make contact with the tungsten. The
overall rate declines and drops to zero when we heat and strain the tungsten so much
that it actually breaks. Our next goal will be to melt the zirconium uniformly without
breaking the tungsten so that we can then bring the temperature down and evaporate.
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Chapter 5
Conclusion and Future Work
In conclusion, we have successfully set up the potassium and lithium laser systems,
assembled the vacuum system, and we are coming close to the correct method for
coating our vacuum system. The next step will be to build lithium and potassium
Fabry-Perot cavities to check the frequency outputs of the two double-pass AOMS,
then build tapered amplifiers to amplify the lithium and potassium light.
5.1 Suggested Improvements to Apparatus
We could implement a simple voltage clamp like the one shown in figure 5-1 to protect
our PZTs against negative voltage. Also the lockbox and PZT driver require an
external sawtooth signal from a function generator, which we could also get using a
simple 555 timer IC. Another idea is that, to help stay on the same laser mode when
we scan, we could feed forward the PZT scanning signal to the current controller.
Signal Out
Sawtooth In 'v
Figure 5-1: Circuit that can protect the PZT from negative voltage.
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